ABSTRACT
has received great attention as one of the most outstanding cathode materials for Li-ion batteries (LIBs) because of its high energy density resulting from the operating voltage of ~4.7 V (vs. Li is known to suffer from undesirable side reactions with the electrolyte at high voltage as well as Mn dissolution from the structure. These issues prevent the realization of the optimal electrochemical performance of LiNi . Extensive research has been conducted to overcome these issues. This review presents an overview of the various surface-modification methods available to improve the electrochemical properties of LiNi 
Introduction
o overcome environmental issues such as global warming and air pollution, the development of sustainable energy technologies that are clean, affordable, and effectively infinite is required.
-3 )
Energy produced using renewable energy resources such as solar and wind energies is appealing; however, efficient energy storage systems (ESSs) are needed to compensate for the resulting intermittent energy production. 1 -5 ) To cope with the ever-increasing demands for the power sources to be used in grid-scale ESSs as well as portable electronic devices and electric vehicles (EVs), there have been many efforts to develop an efficient rechargeable battery system with high energy and power densities. Among known rechargeable batteries, Li-ion batteries (LIBs) offer the highest gravimetric and volumetric energy densities, which makes them the optimal choice for portable electronic devices and an appealing option for EVs and grid-scale ESSs. LIBs have dominated the portable electronic device market in the past two decades, and various types of EVs using LIB as power sources as well as prototype grid-scale ESSs have come to market during the past several years. In the pursuit of extended driving distances for EVs and lowered costs and long-lasting cycle performance for grid-scale ESSs, extensive efforts have been made to find potential candidates for next-generation cathode materials for LIBs. Since Sony succeeded in commercializing the LIB system based on a LiCoO 2 cathode and carbon anode, various types of cathode materials (e.g., layered, spinel, Li-rich, and polyanionic compounds) have been introduced and commercialized for LIBs. Among them, layered-type cathode materials, LiMO ) and good cycling performance. However, these electrode materials generally suffer from structural instability in the charged state or at high temperature due to transition metal migration and high oxygen activity, which can result in severe safety issues in practical applications. These safety concerns triggered the exploration of various polyanionic compounds (i.e., LiMPO , where M = Fe, Mn, or Co) as cathode materials for LIBs because of the strong covalent bond of the polyanion, which stabilizes the oxygen ion within the crystal structure. , is considered a promising cathode for next-generation LIBs for EV and grid-scale ESS applications because of its high operating voltage of ~ 4.7 V (vs. Li + /Li), low cost, and good cycle and high-rate performances. However, several issues and challenges must be addressed in LiNi by cation doping, applying electrolyte additives, controlling the particle size and morphology, controlling the degree of cation ordering, and surface modification. Among these solutions, the most efficient and simple way to prevent deleterious side reactions upon electrochemical cycling of LiNi is surface modification, which can enhance the overall capacity and cycle life. Efficient surface passivation prevents the direct contact of active particles with the electrolyte solution and suppresses the phase transition and side reactions at the particle surface, resulting in marked improvements in the electrochemical performance of electrode materials.
In this review, we will introduce the various surface modification techniques as well as the detailed synthesis methods used to stabilize the surface of the high-voltage spinel LiNi , etc.), polymers (polyimide (PI), polyacrylate, polypyrrole (PPy), poly(ethyl α-cyanoacrylate)), and carbon-based materials (amorphous carbon, graphene oxide, carbon nanotubes (CNTs)). In addition, various characterization techniques used to evaluate coating layers on electrodes such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy will be discussed. Finally, we will provide perspectives on the outlook of surface modification of LiNi 
Surface Modification Using Metal Oxide Compounds
Various metal oxides have received great attention as coating materials for spinel LiNi in ethanol followed by heat treatment. The capacity of LiNi
/ZnO at the current rate of C/4 was ~ 128 mAh g The presence of the Al-doped ZnO coating was verified through TEM analyses, and the thickness of the coating was determined to be approximately 1 -2 nm. The discharge capacity of the Aldoped ZnO-coated LiNi , which provides low surface acidity, high thermal and chemical stability, and high mechanical resistance. 8 
)
For the ZnAl 
·9H
2 O were dissolved, and the solution was stirred at 80°C to form a gel. The gel was heated at 180°C for further esterification followed by annealing at 900°C for 12 h. TEM analysis revealed the formation of a coating layer with a thickness of less than 100 nm on the surface of the LiNi
particles, and the presence of Zn and Al in the coating layer was confirmed through elemental analyses using TEM coupled with energy-dispersive X-ray spectroscopy (EDS). The capacity of the ZnAl , which is ~ 88% of its theoretical capacity. In addition, the ZnAl
delivered a capacity of ~ 97.3% of its initial capacity after 100 cycles at the current rate of 1C, whereas the pristine LiNi thin-film electrodes prepared by pulsed laser deposition (PLD). 8 
)
The LiNi They used atomic layer deposition (ALD) to achieve a homogenous coating of Al particles. The deposition of an ~ 2-nm-thick amorphous layer on the particles was confirmed by TEM analysis. The SEI layer on the surface of the Al
was much thinner and contained fewer organic species than that on the surface of the pristine LiNi nanowires were ~140 nm and ~13 μm, respectively. As observed in Fig. 1(a) , the LiNi . Reproduced with permission. Titanium-based compounds have also been used as coatings for LiNi at 15C, which is a very fast current rate, and up to ~ 88.5% of its initial capacity was maintained over 500 cycles. In contrast, the capacity retention of the pristine LiNi As observed in Fig.  1 . As shown in Fig. 1(d Elemental Mg was primarily applied as an inhomogeneous MgO coating on the surface of LiNi
particles via heat treatment at 500°C and was then doped into the crystal structure at the subsurface of the particles at 800°C. Using EDS elemental mapping coupled with SEM, the uniform encapsulation of each particle of LiNi resulting from CuO coating. after 1000 cycles, which is only 13.8% of its maximum specific capacity, with ~ 59 mAh g The existence of elemental Ru was identified through SEM elemental mapping. In addition, TEM analyses confirmed that the LiNi , the XPS spectra of the pristine and 1.0 wt% silica-coated samples measured at 55°C over 100 cycles were compared. The amount of LiF on the surface of the SiO electrode suffered from severe capacity degradation, and its capacity after 100 cycles was ~55% of its initial capacity. However, the 3 wt% SiO synthesized via a facile synthesis method. The average particle size of the SnO . Reproduced with permission. , which is ~77.2% of its theoretical capacity, whereas the capacity of the pristine sample at 20C was ~64.3 mAh g − 1
. Over 500 cycles, the capacity of the SnO
was maintained up to ~103 mAh g
, representing retention of ~75% of its initial capacity, whereas that of the pristine sample decreased to 55 mAh g
, which is only ~50% of its initial capacity. These electrochemical results indicated the improved power capability and greater cyclability of the SnO at the same current rate, which corresponds to ~70% of its theoretical capacity despite the fast current rate. Furthermore, the capacity retention of the Y was maintained at 5C, and its capacity over 200 cycles was ~97.8% of the maximal attainable capacity.
Surface Modification Using Polyanion Compounds
Various polyanion compounds have been used as coating materials for spinel LiN resulting from the high ionic conductivity of Li
The Li
was synthesized using the conventional solid-state method, and using XRD analysis, the main phase of this compound was identified as LiNi As shown in Fig. 3(a) , the LiPO , representing the P-non-bridging oxygen in the LiPO 3 phase. Fig. 3(b) shows that with increasing C rate, the LiPO , which has been investigated as a solid electrolyte for LIBs because of its high Li ionic conductivity, was also applied as a coating material for LiNi The synthesis process for the LiCoPO
is illustrated in Fig. 4(a) . The XRD peaks of the prepared samples were well indexed to the cubic spinel structure of the Fd3m space group with no impurity phase. It was identified through inductively coupled plasma-atomic emission spectrometry (ICP-AES) that increasing the coating amount of LiCoPO . Reproduced with permission. . Reproduced with permission. , which prevented severe HF attack, because at high temperature, the reaction is prone to be accelerated compared with that at ambient conditions. EIS analysis revealed the lower charge-transfer resistance of the LiFePO , whereas that of the pristine sample was onlỹ 50 mAh g The XRD peaks of the layer-structured Li . The HRTEM images and selected area diffraction (SAED) patterns revealed that all the samples exhibited clear lattice fringes, indicating the good crystallinity of the materials. In addition, a thin layer was observed on the edge of the grains, which indicates the existence of amorphous Li at the fast current rate of 2C and a capacity retention of ~85.3% over 50 cycles at 1C. particles using a citric-acid-based sol-gel method. was maintained up to ~94.3% over 150 cycles at 55°C, whereas the pristine LiNi
only exhibited capacity retention of ~76.5% under the same conditions ( Fig. 5(b) ).
Surface Modification Using Polymers
Cho et al. proposed coating LiNi
particles with a polyimide (PI) gel polymer electrolyte (GPE) to prevent serious interfacial side reactions at high voltage, as shown in Fig. 6(a) . 7 
)
The surface of the LiNi The PI-coated LiNi
was prepared via a co-precipitation method and exhibited a spinel structure with P4332 symmetry, indicating that no structural change occurred as a result of the coating process. The PI coating prevented severe capacity fade of LiNi No structural differences were detected in the XRD patterns of the pristine and PPy-coated particles. As observed in Fig. 6(b) , whereas the pristine sample only exhibited capacity retention of 76.7% over 300 cycles, the 5% PPy-coated sample retained up to ~91% of its initial capacity after 300 cycles. Poly(ethyl α-cyanoacrylate) (PECA) was also used as a coating material for LiNi particles via in situ polymerization of ethyl α-cyanoacrylate (ECA) to provide continuous surface coverage and a Li-ion transport channel. The XRD pattern of the PECA-coated LiNi 
Surface Modification Using Carbon-Based Materials
Carbon-based materials are known as excellent coating materials for electrode materials for LIBs because of their high electronic conductivity. Yang et al. reported enhanced electrochemical performance of carbon-coated LiNi
prepared by a sol-gel method.
The XRD pattern of the carbon-coated sample was characteristic of spinel LiNi at 5C. The carbon-coated sample also exhibited a high capacity retention of 92% after 100 cycles.
Graphene oxide was also applied as a coating material for LiNi The graphene-oxide-coated sample had a pure spinel crystal structure without any contamination, and the existence of graphene oxide was verified through elemental mapping based on SEM. As shown in Fig. 7(a) , TEM analyses revealed that graphene oxide with a thickness of ~5 nm was coated on the outer surface of LiNi at large current densities of 5C, 7C, and 10C retained up to ~77%, ~66%, and 56% of the capacity measured at 1C (Fig. 7(b) ), and its capacity after 1000 cycles was ~61% of its initial capacity, indicating the enhanced electrochemical performances of LiNi composite via pyrolysis of polyethylene glycol-400 (PEG) at high temperature. 8 2 )
The carbon coating did not affect the crystal structure of LiNi composites via a mechano-fusion method to prevent unfavorable carbothermal reduction. The D and G peaks were verified in each Raman spectra of the CNT-LiNi . Reproduced with permission. 
Summary and Perspectives
Because of environmental problems such as air pollution and the greenhouse effect, considerable efforts have been made to design eco-friendly EVs, and LIBs have been considered one of the most attractive energy storage systems (ESSs) for EVs. To apply LIBs to these large-scale ESSs, however, their energy density must be improved. Thus, the development of electrode materials with theoretically high energy densities and high operation voltages is one of the major issues for LIBs in the world. Spinel LiNi . Recent studies on spinel LiNi
have focused on surface coating using various compounds such as metal oxides, polyanionbased compounds, polymers, and carbon-based materials to improve the power capability and cyclability of LiNi . Furthermore, coating of compounds containing Li ions in the structure or carbon-based materials simultaneously enables the achievement of great power capability and outstanding cyclability of LiNi
because of the high ionic or electronic conductivity of the coating material as well as the encapsulation of the particle surfaces.
Various experimental processes have been applied to achieve uniform and homogenous coatings of LiNi . The thickness of the coating layer is controlled by modifying the amount of reactants or the reaction time, and the existence of the coating layer in the composite is verified using SEM, TEM, XPS, or Raman spectra. It has been confirmed that the coating process does not affect the structure of LiNi Cathode and Its Cathode Performance to Apply a Water-Based Hybrid Polymer Binder to Li-Ion Batteries," Electrochim. Acta, 224 429-38 (2017).
